In eukaryotes, the canonical process of initiating protein synthesis on an mRNA depends on many large protein factors and the modified nucleotide cap on the 59 end of the mRNA. However, certain RNA sequences can bypass the need for these proteins and cap, using an RNA structure-based mechanism called internal initiation of translation. These RNAs are called internal ribosome entry sites (IRESes), and the cap-independent initiation pathway they support is critical for successful infection by many viruses of medical and economic importance. In this review, we briefly describe and compare mechanistic and structural groups of viral IRES RNAs, focusing on those IRESes that are capable of direct ribosome recruitment using specific RNA structures. We then discuss in greater detail some recent advances in our understanding of the intergenic region IRESes of the Dicistroviridae, which use the most streamlined ribosome-recruitment mechanism yet discovered. By combining these findings with knowledge of canonical translation and the behavior of other IRESes, mechanistic models of this RNA structure-based process are emerging.
INTRODUCTION
In eukaryotes, the canonical mechanism of initiating translation relies upon many protein factors that recruit the 40S ribosomal subunit to the mRNA, aid in start codon selection, and facilitate the final stages of ribosome assembly (Fig. 1A; Hershey and Merrick 2000; Jackson 2005; Algire and Lorsch 2006) . Specifically, the 7-methylguanosine cap on the 59 end of the mRNA recruits the cap-binding protein, eukaryotic initiation factor (eIF) 4E, which forms the eIF4F complex with eIF4G and eIF4A. This multiprotein Á mRNA complex now recruits the 43S complex (40S subunit, eIF3, eIF2, initiator tRNA Met , GTP, eIF1, and eIF1A) to the message, which is placed within the 40S subunit's decoding groove. At this time, the ribosomal subunit scans in a 59 to 39 direction until the start codon is located. Recognition of the start codon coupled with GTP hydrolysis, initiation factor release, and 60S subunit recruitment yields an 80S ribosome prepared to enter the elongation phase of protein synthesis (Fig. 1B,C; Pestova et al. 2007 ).
In addition to this cap-dependent pathway, an alternate cap-independent means of initiating translation exists in which the ribosome is recruited, positioned, and activated on a site other than the 59 end of the RNA by a specific RNA sequence called an internal ribosome entry site (IRES) (Fig. 1A; Jackson 2005) . First discovered in viral mRNAs and since found in cellular messages, IRESes often substantially reduce the need for protein factors (Doudna and Sarnow 2007; Elroy-Stein and Merrick 2007) . Although the need for various factors and the interactions with those factors differ, it is clear that the IRES RNA drives translation initiation in these systems (Hellen and Sarnow 2001; Stoneley and Willis 2004) . This is most strongly illustrated in IRESes that bind directly to the ribosome. In this review, we introduce the diversity of architecture and mechanisms found in viral IRES RNAs and some common features of IRESes known to bind directly to the ribosome. Focusing on the most mechanistically streamlined IRESes, we then discuss key aspects of this IRES' structure in regard to direct ribosome recruitment and the implications for function.
DIFFERENT APPROACHES TO CAP-INDEPENDENT TRANSLATION INITIATION

Viral IRES groups
The viral IRESes are divided into groups based on related secondary structures and functional requirements for protein factors. At one end of the spectrum are certain IRESes from the picornaviruses, such as encephalomyocarditis virus (EMCV) (Jang et al. 1988 ), poliovirus (Pelletier et al. 1988) , and hepatitis A virus (HAV) (Glass et al. 1993) . These IRESes are unable to bind directly to the ribosome, and to date there is no definitive evidence that they directly contact the ribosome (except at and adjacent to the start codon). These IRESes require a subset of the canonical initiation factors to function (Thompson and Sarnow 2000) . For example, EMCV requires eIF2, eIF3, eIF4A, ATP, and the cleaved C-terminal portion of eIF4G (Pestova et al. 1996a,b) , and other picornavirus IRESes rely on a similar set of factors (Pestova et al. 1996a; Kolupaeva et al. 1998; Pilipenko et al. 2000) . These IRESes can be subdivided into two groups (Jackson and Kaminski 1995; Jackson 2005) , each with related secondary structures (Pilipenko et al. 1989a,b) . In one group are those that function efficiently in rabbit reticulocyte lysate (RRL) and that initiate translation at the 39 end of the IRES; members of this group include EMCV, foot-and-mouth disease virus (FMDV), and Theiler's murine encephalomyelitis virus (TMEV). In another group are those that initiate downstream of the IRES RNA and that usually require supplementation of RRL with a source of additional protein factors (such as HeLa cell extract) called IRES trans-activating factors (ITAFs). Members of this group include poliovirus, rhinovirus, and coxsackievirus. Though the requirements for canonical factors are similar among these IRESes, the need for and identity of ITAFs varies (Hellen and Sarnow 2001; Jackson 2005) .
Midway in the spectrum are viral IRESes that bind directly to the ribosome and need fewer canonical initiation protein factors to begin translation. In this group the IRES RNA prefolds into an extended structure with local areas of compact folded RNA (Kieft et al. 1999) ; some of these areas involve an RNA pseudoknot (Wang et al. 1995) . Members of this group include the hepatitis C virus (HCV) (TsukiyamaKohara et al. 1992 ) and classical swine fever virus (CSFV) (Rijnbrand et al. 1997) . Recent evidence suggests that a subset of picornaviruses, including porcine teschovirus 1 (PTV-1), possess IRESes that fall into this group (Pisarev et al. 2004; Chard et al. 2006) . Through direct interactions FIGURE 1. Mechanisms to recruit the small ribosomal (40S) subunit and ribosomal architecture. (A) Simple diagram comparing canonical cap-dependent translation (left) and IRES driven (right) mechanisms of recruiting the ribosome. In canonical initiation, many factors are needed whereas IRES RNAs use specific RNA sequences either through direct ribosome interaction or with the aid of other factors (dashed ovals). (B) At upper left is a diagram of an 80S ribosome produced by the canonical scanning-dependent initiation mechanism. Shown are the three tRNA-binding sites important for decoding the encrypted message on the mRNA, facilitating the peptidyl transferase mechanism, and maintaining the fidelity of the ribosome. These three sites are the acceptor (A) site (blue), peptidyl (P) site (red), and the exit (E) site (green). The large subunit is shown in cyan, and the small subunit is colored yellow. The elongation cycle is depicted: (1) A tRNA is delivered to the A-site by eEF1, (2) the peptide bond is formed, (3) the A-and P-site tRNAs move on the 40S subunit to form a hybrid state, (4) the hybrid-state tRNA-containing ribosome is a substrate for eEF2-catalyzed translocation (the two-color tRNAs in the figure reflect this hybrid state), and (5) the posttranslocation ribosome has tRNAs in the P-and E-sites and can now receive another tRNA in the A-site and eject the deacylated tRNA from the E-site. (C) Crystal structure of a bacterial ribosome bound to three tRNA molecules and mRNA, showing their arrangement in the three sites and with mRNA (Selmer et al. 2006) . The 50S subunit is not shown. The pathway of the mRNA into the decoding groove is depicted as a black line. The coloring of the structure is the same as in B. The A-site tRNA (blue) is not complete, as only a portion was visible in the crystal structure.
with the small ribosomal subunit and eIF3, these IRESes place the start codon in the decoding site, eliminating ribosomal scanning (Reynolds et al. 1996; Pestova et al. 1998; Kolupaeva et al. 2000a,b) . These IRESes also use the eIF2 Á tRNA Á GTP ternary complex and upon GTP hydrolysis, codon-anticodon dependent release of GDP/phosphate, and the action of eIF5B, the 60S ribosomal subunit binds to form the 80S ribosome-IRES complex, followed by the first peptide bond formation Unbehaun et al. 2004; Locker et al. 2007 ). Various IRES RNA secondary structure elements, including a pseudoknot near the 39 end of the IRES (Wang et al. 1995) , have been shown to influence the 40S subunit, eIF3, and ternary complex recruitment, as well as eIF2 release and 80S ribosome formation (Wang et al. 1995; Kieft et al. 2001; Ji et al. 2004; Otto and Puglisi 2004; Locker et al. 2007) .
At the very end of the spectrum reside viral IRESes that require no protein factors to directly interact with and recruit both the 40S and 60S subunits and initiate translation without initiator tRNA Met (for review, see Jan 2006 ). The IRES RNAs of this group form a more intricate fold than the other groups that includes two independently folded domains (Costantino and Kieft 2005) . The two domains are a compact double-nested pseudoknot structure that provides the affinity for the 40S subunit (Jan and Sarnow 2002; Nishiyama et al. 2003) and an additional pseudoknot element at the 39 end of the IRES that is placed into the P-site in the small subunit's decoding groove (Wilson et al. 2000a; Kanamori and Nakashima 2001) . These IRESes are found within the intergenic region of the viral RNA genomes of the Dicistroviridae ( Fig. 2A) , which include Plautia stali intestine virus (PSIV) (Sasaki and Nakashima 1999) , cricket paralysis virus (CrPV) (Wilson et al. 2000b) , and Taura syndrome virus (TSV) (Mari et al. 2002; Hatakeyama et al. 2004) . Using an all RNA-based mechanism, these IRESes position the 80S ribosome at the 59 end of the second cistron without initiator tRNA Met , ATP, GTP, or any protein factors (Fig. 2B; Nakashima 1999, 2000; Wilson et al. 2000a,b; Jan and Sarnow 2002; Nishiyama et al. 2003; Cevallos and Sarnow 2005; Pisarev et al. 2005) . Once on the IRES, delivery of a tRNA to the Asite by eIF1A induces the ribosome to translocate prior to peptide bond formation and then to move to elongation (Jan et al. 2003; Pestova and Hellen 2003) . Thus, translation for these IRESes begins from the A-site and from a non-AUG codon. The first decoded codon used in this mechanism can in fact be any codon, though some are more efficient than others .
Similarities between two of the IRES groups
Members of the last two IRES groups described above bind directly to the ribosome, and in both cases specific RNA structure drives this process. Despite differences in RNA structures and factor requirements, similarities are emerging between these IRESes in terms of their interactions with the ribosome. Because none of the members of the other groups of IRESes directly binds the ribosome and there is The mechanism of initiation on the Dicistroviridae IGR IRES is shown. These IRESes directly interact with both ribosomal subunits to assemble the 80S ribosome without the use of any other protein factors. (C) The IGR IRESes can be divided into two types, and cartoon secondary structures of the two types are shown. At left, the class 1 are represented by the PSIV IGR IRES; at right, the class 2 are represented by the TSV IGR IRES. The secondary structures presented are to scale with respect to loop length, and numbers of base pairs are shown in the helices. The differences between the two classes are illustrated by red text. With regard to the labels, P stands for helix (paired), L means loop, J stands for junction, PK denotes pseudoknot, and SL means stem-loop. The three regions of the IRES are labeled, and the two functional and structural domains are boxed. Note that we use the term ''region'' to refer to a group or collection of logically connected secondary structural elements or interactions, but ''domain'' is reserved for entities experimentally shown to fold independently. Hence, regions 1 and 2 fold together to form the ''ribosome-binding domain,'' and region 3 is itself also a domain, the ''P-site domain'' (also often referred to as just ''domain 3''). no direct structural data regarding their three-dimensional conformations, we cannot yet draw parallels between those IRESes and the IRESes that directly bind the ribosome.
Similarities between the Dicistroviridae IGR IRESes and the HCV IRES are evident in cryo-electron microscopy (cryo-EM) reconstructions of the HCV and CrPV IRESes bound to the 40S subunit and 80S ribosome (Fig. 3A,B ; Spahn et al. 2001b Spahn et al. , 2004 Boehringer et al. 2005; Schuler et al. 2006) . Both the CrPV IGR IRES and HCV IRES make direct contact with the E-site of the small ribosomal subunit, and both change the 40S subunit's conformation, resulting in the ''head'' rotating relative to the ''body.'' Because both IRESes contact the back or solvent side of the head, this interaction might be necessary for IRES-induced conformational changes in the small ribosomal subunit that are critical for function. Indeed, when the domain of the HCV IRES RNA (domain II) making this contact is removed, the 40S subunit conformational changes no longer occurred (Spahn et al. 2001b) , and mutations to this domain inhibit the formation of the 80S ribosome on the HCV IRES (Ji et al. 2004; Otto and Puglisi 2004; Locker et al. 2007 ). Furthermore, similar 40S subunit conformational changes are seen in response to eIF1 and eIF1A (factors involved in scanning and start codon selection) binding to the subunit (Passmore et al. 2007) . These changes are interpreted as switching the subunit from an ''open'' scanning conformation to a ''closed'' conformation (ribosome is clamped down on the mRNA), suggesting parallels between the scanning-and IRES-dependent mechanisms. In the context of the 80S ribosome, both the CrPV IRES and the HCV IRES interact with a feature of the large subunit called the L1 stalk (also known as the L1 protuberance) ( Fig. 3 ; Nishiyama et al. 2003; Spahn et al. 2004; Boehringer et al. 2005; Pfingsten et al. 2006; Schuler et al. 2006 ). Hence, this interaction could also be important in IRES-driven translation, although the location of the interaction differs between the two IRESes. It should also be noted that the conformations of the 80S ribosome when complexed with each of the two IRESes are different from one another (Boehringer et al. 2005; Schuler et al. 2006) , suggesting that, although both IRESes contact the L1 stalk, the effects of this interaction differ. More details regarding these interactions and the Dicistroviridae IGR IRESes are contained later in this review.
In addition to ribosome conformational changes, the conformation of both the CrPV and HCV IRES RNAs change upon movement from the 40S subunit-bound to 80S ribosome-bound forms (Spahn et al. 2004; Boehringer et al. 2005) . Thus, these representatives of the two IRES groups make similar ribosomal contacts and both possess a combination of static and dynamic IRES structural elements.
THE DICISTROVIRIDAE IGR IRESES AND DIRECT RIBOSOME RECRUITMENT
The Dicistroviridae IGR IRESes (hereafter referred to as the ''IGR IRESes'') provide a starting point for studying RNAstructure-based ribosome recruitment without the added layer of complexity generated by the need for proteins. The remainder of this review focuses on IGR IRES structure and direct interactions with the ribosome.
Diversity and similarity within the IGR IRES group
Diversity exists within the Dicistroviridae IGR IRESes in terms of their primary sequence, but all are predicted to adopt a similar secondary structure consisting of two highly conserved stem-loops that interact with the small ribosome (Spahn et al. 2001b) . (B) Cryo-EM reconstructions of viral IRES RNAs bound to the ribosome. At upper left is CrPV IGR IRES bound to the small subunit with a resolution of z20 Å ; at upper right the IRES is bound to the 80S ribosome with a resolution at z17.3 Å (Spahn et al. 2004; Schuler et al. 2006) . At lower left is the HCV IRES bound to the 40S subunit with a resolution at z20 Å (Spahn et al. 2001b) ; at lower right is the HCV IRES bound to the 80S ribosome at z15 Å (Boehringer et al. 2005) . The IRESes are colored magenta, the small ribosomal subunit is colored yellow, and the large ribosomal subunit is colored blue. Key ribosome structural elements and ribosomal protein locations are labeled. (C) Crystal structures of the two IGR IRES domains are shown docked into the cryo-EM density of the CrPV IRES bound to an 80S ribosome at z7.3 Å (Schuler et al. 2006) . The ribosome-binding domain from PSIV is in red, and the P-site domain is in green (Pfingsten et al. 2006; Costantino et al. 2008 ). The modeled positions of ribosome elements that are likely to interact with the IRES are shown and labeled with 40S subunit elements in yellow and 60S elements in blue, and the relevant IRES structures are labeled. The positions of these proteins and rRNA are based on the model of the evolutionarily conserved core of the yeast 80S ribosome (Spahn et al. 2001a; Schuler et al. 2006) . subunit (SL IV, SL V), multiple helices, as well as three pseudoknot tertiary interactions (Kanamori and Nakashima 2001; Nishiyama et al. 2003; Jan 2006) . However, secondary structure differences in all three regions of the IGR IRES RNA warrant division into two classes ( Fig.  2C ; Kanamori and Nakashima 2001; Nishiyama et al. 2003; Jan 2006 ). Examples of class 1 IGR IRESes are CrPV and PSIV, and an example of a class 2 is TSV. Compared to the class 1 IGR IRESes, the class 2 contain additional structural elements, possess a longer but conserved sequence in loop L1.1, and some sequences found in the crystal structure of the PSIV IGR IRES ribosome-binding domain (discussed in more detail in the next section) to be responsible for maintaining specific intramolecular contacts are altered in class 2 relative to class 1 Hatakeyama et al. 2004 ). However, the class 2 IGR IRESes still adopt a three-dimensional fold similar to that found in the class 1 that contains two independently folded domains and which presents the strongly conserved apical loops of SL IV and SL V for binding to the 40S subunit (Pfingsten et al. 2006 (Pfingsten et al. , 2007 . Although the mechanism of 40S subunit binding is conserved in both classes, evidence suggests that the interactions and manipulations of the large ribosomal subunit are different due to the presence of SL III found in the class 2 IGR IRESes (Pfingsten et al. 2007 ). Because domain 3 (P-site domain) structurally and functionally mimics a tRNA (see the next section) (Jan et al. 2003; Costantino et al. 2008) , it might be that the additional stem-loop of the class 2 IGR IRESes mimics tRNAs with a long variable arm, but this remains to be tested.
Crystal structures of the IGR IRES
Within the last two years, crystal structures of both independently folded domains of the IGR IRES have been solved (Pfingsten et al. 2006; Costantino et al. 2008) . Specifically, the ribosome-binding domain of the PSIV IRES (Fig. 2C ) and the P-site domain of the CrPV IRES were solved to 3.1 and 2.4 Å , respectively (Fig. 2C ). When these two structures are combined, they provide the first complete high-resolution structural picture of an IRES RNA (Fig. 3C) . Although a detailed description of these structures is beyond the scope of this Mini-Review, we discuss several features important for IRES-ribosome interactions.
The structure of the larger, double-pseudoknotted ribosome-binding domain of the PSIV IGR IRES shows that the two stem-loops (SL IV and SLV) that interact directly with the 40S subunit are positioned adjacent to one another by underwound helix P2.2 (Pfingsten et al. 2006 ). This helix is involved in many noncanonical intramolecular interactions with the ''core'' of the fold that involve highly conserved nucleotides (Kanamori and Nakashima 2001) . Within this folded structure, regions 1 and 2 lie side-by-side, and this arrangement places loop L1.1 of the IRES in position to interact with the L1 stalk of the large ribosomal subunit (Pfingsten et al. 2006) . The structure suggests that the ribosome-binding surfaces are prepositioned when the IRES folds, providing an explanation for direct recruitment of both subunits. In addition, the structure reveals likely areas of stable structure and dynamic elements that might work together within the IRES recruitment process (Pfingsten et al. 2006 ). This structure agrees very well with models based on cryo-EM reconstructions (Spahn et al. 2004; Schuler et al. 2006) .
The structure of the CrPV IRES domain of the IRES that docks into the small subunit's P-site reveals that this pseudoknot element closely mimics the mRNA codontRNA anticodon interaction in a novel form of structural mimicry (Costantino et al. 2008 ). In the IGR IRES this domain can be removed without affecting 80S ribosome recruitment, but it must be present for translation initiation (Jan and Sarnow 2002; Nishiyama et al. 2003; Costantino and Kieft 2005) . When placed in the P-site, this domain likely mimics interactions normally associated with mRNA and tRNA, and this might put the ribosome into a pretranslocation state. When this structure is combined with cryo-EM reconstructions and other crystal structures, its docked position, overall location of the IRES on the ribosome (over the E-site and in the P-site), and functional assays studying the actions of elongation factors lead to the hypothesis that the IGR IRESes mimic a P/E hybrid state tRNA (Costantino et al. 2008; Spahn et al. 2004; Schuler et al. 2006; Yamamoto et al. 2007 ).
IGR IRES contacts to the 40S subunit
Combining the crystal structure with cryo-EM reconstructions and traditional biochemical approaches reveals details of the interactions between the IGR IRESes and the 40S subunit that are necessary to recruit the subunit (Fig. 3C) . SL IV and SL V contact the back of the ''head'' of the 40S subunit, in position to interact with two ribosomal proteins (rp): rpS5 (in position to interact with SL IV) and an unidentified protein called rpSX (in position to interact with SL V) (Schuler et al. 2006 ). SL IV cross-links to rpS25 but not rpS5, suggesting that rpS5 might interact with SL V (Nishiyama et al. 2007 ). Because a prokaryotic homolog for rpS25 does not exist, it has been suggested this could be why the IGR IRESes do not function in bacteria (Nishiyama et al. 2007 ). Further investigation is required to sort out the details of stem-loop interactions with proteins at the IRES-40S interface; however, some interesting observations can be made by comparing the HCV IRES with the IGR IRESes. The HCV IRES RNA domain II cross-links to rpS5 (Fukushi et al. 2001) ; this is the HCV IRES domain previously mentioned as contacting the back side of the ''head'' and changing the conformation of the 40S subunit (Spahn et al. 2001b) . If the conserved sequences within the apical loop of this domain are mutated, the IRES' ability to form the 80S-IRES complex is substantially reduced (Reynolds et al. 1996; Odreman-Macchioli et al. 2001; Kalliampakou et al. 2002; Otto and Puglisi 2004; Locker et al. 2007) , establishing a correlation between the HCV IRES' interaction with rpS5, 40S subunit conformational change, eIF2 release, and 80S ribosome formation. This indicates that an interaction with rpS5 is potentially necessary for function, raising the possibility that the same is true of the IGR IRESes.
The proposed interactions between the IGR IRES and rpS5 and rpS25 are critical for affinity and proper placement of the IGR IRESes; it is interesting to consider additional implications of these interactions based on their bacterial counterpart's known functions in translation. Besides binding tRNA located in the E-site of the ribosome, the bacterial counterpart of rpS5 (rpS7), interacts with bacterial rpS11 to help form the exit channel around the mRNA (Wower et al. 1993; Yusupov et al. 2001) . When this interaction is mutated, the large ribosomal subunit's ability to interact with the small subunit-containing preinitiation complex is reduced (Robert and Brakier-Gingras 2003) . In addition, this mutation increases the small ribosomal subunit's capacity to bind mRNA but the translational fidelity of the ribosome is decreased, attributable to increased flexibility in the ribosome's ''head'' and a loss in communication between conformational changes in the A-and Esites (Robert and Brakier-Gingras 2003) . In eukaryotes, a rpS5-rpS14 is positioned to take the place of the bacterial rpS7-rpS11 (Passmore et al. 2007) . Hence, it possible that rpS25 aids the rpS5-rpS14 interaction to promote the conformational changes in the 40S ribosomal subunit. Recently, human rpS5 was substituted for yeast rpS5, resulting in a viable yeast strain that nonetheless showed decreased growth (Galkin et al. 2007 ). These ribosomes appeared to have elongation or termination defects, reduced association of eEF3 and eEF1A, increased frameshifting activity, and hyperaccurate recognition of the UAA stop codon. Perhaps most interesting in this Mini-Review, these hybrid ribosomes have increased ability to bind to the CrPV IGR IRES and to translate messages driven by this IRES, suggesting that rpS5 is indeed a primary determinant of small ribosome recruitment by the IGR IRESes.
In the case of rpS25, the protein's exact function is unknown, but it is necessary for translation (Ferreira-Cerca et al. 2005) and it cross-links not only to rpS5 (Tolan and Traut 1981; Gross et al. 1983 ) but also to mRNA when in the 80S ribosome (Takahashi et al. 2005) . Hence, these elements are in close enough proximity for an interaction to occur and the putative similarities between rpS7/rpS11 interaction in bacteria and rpS5/rpS14 interaction in eukaryotes suggest the hypothesis that the IRES' interactions with rpS5 and rpS25 promote 40S subunit conformational changes and subsequent 60S subunit association.
IGR IRES contacts to the 60S subunit
The CrPV IRES can recruit the 80S ribosome by two mechanisms: initial 40S subunit binding followed by 60S subunit binding, or direct IRES binding to preformed 80S ribosomes ). Cryo-EM reconstructions and docked X-ray structures show how the IRES contacts the 60S ribosomal subunit within the 80S ribosome and also reveal that the CrPV IRES changes structure upon subunit joining (Spahn et al. 2004; Pfingsten et al. 2006; Schuler et al. 2006) . Specifically, when compared to the 40S subunit bound form, the 80S ribosome-bound IRES seems to retract slightly from the A-site toward the E-site, and some of the contacts with the 40S subunit are altered (Spahn et al. 2004 ). In addition, although the overall global conformation of the IRES is similar between the 40S subunit and 80S ribosome-bound forms, there are some parts of the IRES' density that appear as a more-pronounced globular shape and others that appear thinner. Higherresolution cryo-EM structures and docking of the crystal structure of the PSIV IGR IRES' ribosome-binding domain into the cryo-EM structures are revealing what parts of the IRES are involved in these conformational changes (Pfingsten et al. 2006; Schuler et al. 2006) , but the precise roles of these changes in initiation are not yet clear.
The IGR IRES uses a highly conserved loop (L1.1) to interact with a feature of the 60S subunit called the L1 stalk. Mutating this loop impairs its ability to interact with the 60S subunit and form the 80S ribosome-IRES complex (Pfingsten et al. 2006) , and chemical probing found that a nucleotide within this loop of the PSIV IGR IRES is protected upon formation of the 80S ribosome . The L1 stalk contains rpL1 (bacterial homolog is rpL10) and rRNA helix H77, suggesting the IRES contacts one or both of these elements. Hypotheses regarding the significance of the IRES' interaction with the L1 stalk can be developed by examining the known functions of the stalk in translation. During translation, the L1 stalk interacts with the T-loop of E-sitebound tRNA Yusupov et al. 2001) , thus the IGR IRES might locally mimic this interaction. In bacterial ribosomes, the dynamic L1 stalk not only moves during the translocation process but might facilitate the movement of the deacylated tRNA from the P-site to the Esite (Valle et al. 2003) and is believed to aid in the removal of the E-site tRNA (Gomez-Lorenzo et al. 2000; Harms et al. 2001; Yusupov et al. 2001 ). Hence, it is possible that the L1 stalk aids in the movement of the IRES during translocation before peptide bond formation and also in removal of the IRES from the ribosome. Cryo-EM reconstructions suggest that the portion of the IRES contacting the L1 stalk undergoes structural changes as it goes from the 40S subunit bound to the 80S subunit bound state (Spahn et al. 2001b ). This change is propagated through the IRES to alter how the tRNA-mimicking domain is positioned in relation to the P-site of the decoding groove. Hence, functionally important allosteric changes in both the IRES and the L1 stalk appear to be induced by this interaction.
INSIGHTS INTO THE MECHANISM OF TRANSLATION INITIATION ON THE IGR IRESES
To function, the IGR IRES must position and prime an 80S ribosome to accept an aminoacylated-tRNA brought to the A-site by eEF1A and then undergo a translocation event facilitated by eEF2. By interacting with proteins whose prokaryotic homologs bind the E-site tRNA (Wower et al. 1993; Harms et al. 2001; Yusupov et al. 2001) , the IRES induces conformational changes in the 80S ribosome and appears to manipulate it into adopting a pretranslocation state. In bacterial ribosomes programmed to adopt the pretranslocation state, the tRNAs are in a hybrid state and EF-G interacts with the ribosome and drives translocation (Dorner et al. 2006; Spiegel et al. 2007 ). Likewise, in eukaryotes eEF2 has an affinity for the 80S ribosome-IGR IRES complex, and this interaction is important for the translocation event ). In IGR IRES-80S ribosome complexes, stable binding of the first aminoacylated-tRNA to the first codon of the ribosome depends on the presence of both eEF2 and eEF1A, suggesting that translocation from the A-to the P-site (before a peptide bond is made) must occur for stable binding of the tRNA . It is only when eEF2 promotes translocation that tRNA becomes more stably bound in the P-site. This behavior could be explained by the hypothesis that the IRES mimics a P/E hybrid state of tRNA and moves the ribosome into a pretranslocation state ). The recently solved crystal structure of the P-site domain of CrPV and the biochemical results illustrating the dynamic nature of this domain also support this hypothesis (Costantino et al. 2008) .
Events after the initial IGR IRES/ribosome translocation event remain poorly understood, as this state has not been studied in great detail structurally or biochemically. However, one might hypothesize that after the eEF2-triggered translocation event, the IRES' P-site domain (domain/ region 3) could move to the E-site like a deacylated tRNA (Valle et al. 2003) . Although speculative at this point, the IGR IRES' structure could undergo conformational changes and allow the IRES' structures to interact with the E-site and maintain contact with rpS5, rpS25, and the L1 stalk. When the time comes for the 80S ribosome to release the IRES, the IRES' interaction with the L1 stalk could play a pivotal role in the process, similar to the role of the L1 stalk in bacterial ribosomes (Harms et al. 2001; Yusupov et al. 2001) .
CONCLUSION AND SUMMARY
The Dicistroviridae IGR IRESes use the most streamlined mechanism of all known IRESes. In the last few years, a combination of structural, biophysical, biochemical, and genetic approaches has provided insight into how these IRES RNAs fold, interact with the ribosome, and manipulate the translation machinery. Through a specific conserved RNA fold, these IRESes contact specific parts of both the large and small subunits and in so doing change the conformation of the ribosome. The nature of these manipulations and the position of the IGR IRES suggest that they mimic tRNA-ribosome interactions to induce the ribosome into a pretranslocation conformation. In this way, the IGR IRESes initiate translation by ''fast-forwarding'' the ribosome to the canonical elongation cycle. Parts of this model remain speculative, but it provides the basis for the next round of experiments aimed at fully understanding the function of this remarkable RNA.
